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REPORT SUMMARY

A. PROGRAM APPROACH AND SCOPE Lﬁ_-— +-—i——--—

DARPA/ONR- sponsored research at AERL on rare gas-monohalide
laser systems has shown the new class of lasers to have the potential for
both high e{ficiency and high average power. In particular, preliminary
calculations indicated that with direct electron beam pumping, carefully de-
signed high average power KrF* lasers can have an overall system efficiency
as high as 10%, With e-beam contrclled discharge pumping of this laser,
overall efficiencies as high as 12% are possible. The objectives of the pre-
sent program are to confirm these predictions and assess the applirability of
the rare gas-monohalide lasers for DARPA missions.

In order to carry out this research in an expedicious and efficient

manner, various parts of the underlying physics are resolved on a small

H scale (20 ¢m) device, lThese experiments provide the various parameter

values (cross sections, rate constants, etc,) necessary to develop compre-
hensive laser models which predict laser performance and scaling, In addi-

tion, large scale KrF laser experiments are performed on a one-meter de-

vice to confirm the predictive capability of the laser models,
B. ACCOMPLISHMENTS AND FINDINGS
This interim report covers the period 23 August 1976 to 22 February

1977. The major results obtained in this reporting period are summarized

as follows:




(1) Important KrP‘ﬂ formation and quenching rates have been
measured,

(2) The use of these rates in a kinetics model enabled us to predict
Kr¥ laser performance,

3) Construction and testing of the l1-meter e-beam/e-beam sus-
tained laser device were completed,

(4) Large scale e-beam energy deposition nonuniformities were
measured and their causes identified.

(5! Magnetic beam confinement was proposed and implemented,

(6) The effectiveness of e-beam confinement was demonstrated
both experimentally and theoretically,

(7) A laser output cnergy of 102 joules with an active laser volume
of 8.5 liters (12 J/1) at an intrinsic laser efficiency of 9% was
obtained,

(8) The laser results confirmed the validity of our model
calculations.

C. PLANS FOR NEXT PERIOD

For the next period, work on the one-meter device will explore
e-beam sustained discharge pumping of KrF*. Discharge pumping is attrac-
tive for two reasons: first, it offers the possibility of higher laser efficiency
because the upper laser level is pumped through rare gas metastable channels
and second, for repped operation, foil heating is much less severe since
only a small fraction of the pump power needs to be applied through a foil,
Theoretical and small scale experimental studies at AERL have shown that
under suitable conditions, stable discharges can be made in rare gas halide
laser mixtures at excitation levels necessary for efficient laser acticn. The

2




study showed that a Krl":? intrinsic laser efficicncy of 15% at a discharge
cnhancement ratio of 4 (discharge energy intc laser mixture/e-beam energy
in) should be possiblc,

In the next period we will also study the XeF* lagser, both using pure
¢-beam excitation and c-beam sustained discharge pumping. Although 1\'01-'?:'
lasers have not yet been demonstrated to be as efficient as Krl, v our kine*ics,
gain, and absorption studies show that XeF::z possess many of the same charac-
tiristics of KrF . {i.c., high gain, efficient upper level formation, low self-
absovption), so it holds the promise of high efficiency. An efficient ‘-\’eF.:’
laser has the advantage that at 350 nm the laser output lies in & wavelength

repion where atmospheric absorption and scattering are low, so there is no

need for waveiength conversion ir order to mecvt DARPA requirements.
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I. INTRODUCTION

The objective of the present program is to determince whether the
rare gas-monohalide (KrF" at 248 nm and XeF" at 350 nm) can be used to
make efficient, high power lasers. Preliminary calculations indicated that
with direct e-beam pumping, carefully designed high average nower wrr’
lasers can have an overall system efficiency as high as 10%. With e-beam
controlled discharge pumping of this laser, overall system efficiencies as
high as 1277 arc possible.

In order to confirm these predictions, comprehensive computer
models for both KrF and XCF* are developed to reliably predict the per-
formance of large scale versions of these lasers. These models describe

. the important and underlying physics which include:

. E-beam Energy Deposition

- Spatial and Temporal Uniformity

. E -beam Energy Partitioning

- Jonization and Excitation

e KrF Formatioa Kinetics

- lon Channel Formation
- Metastable Channel Formation

- Discharge Physics

T e

3
KrF lLaser Power Extraction

i
®

KrF Quenching Kinetics

Gair and Abeorption

]
o s

Lower and Upper State Kinetics

9




In ord . to assess the appiicability of the rare gas monohalide Insers .
for DARPA missions in an cxpeditious and efficient manner, various parts
of the underlying physics are resolved on a small scale (20 embY device,

These exporiments provide the various parameter values (cross sections,
rate «onstants, cte. ) necessary to develop comprehensive laser models.
in addition, large scale KrF laser experiments are performed on a one-
meter device to confirm the predictive capability of the laser models,
Single pulse energy density and intrinsic laser efficiency (laser output
vnnrgy/’vnvrgy deposited) with direct e-beam pumping are measuraed nyer
a rarge of operating conditions.

In the first section of this report the results of the small scale ox-
periments are described. In these experiments the kinetic rates, gain and .
absorption coecfficients in the KrF' system were measured. The important
predictions of the kinetic model code using the resuits of these measure-
ments will he summarized. Then we will describe the design and construc-
tion of the une-meter e-becarn/e-beam sustained discharge device. The
results of the initial device characterization experiments are reported and,
finally, the resulte of e-beam pumped KrF lascr experiments carricd out

on this device will be presented.

10




II, SMALL SCALE EXPERIMENTS

Three conditions must be et ir order for a laser to have a chance
of being efficient. First, the channeling of energy from the external pump
to the upper laser level must be efficient. Second, once formed, the upper
states must be stimulated at a rate mucn faster than the rate of spontaneous
radiative decay and collisional quenching, Third. the laser medium absorp-
tion at the laser wavelength must be small so that a high laser cavity flux
can be maintained for effective stimulated emission without high absorption
losses. During this reporting period the small scale (20 cm) e-beam device
has been used to understand the KrF* formation . etics, measure the ratio
of three-body collisional quenching, and measure the gain and excited species
absorption in typical KrF' laser mixtures,

A. KrF FORMATION AND QUENCHING RATE MEASUREMENTS

The 20-cm E-gun device, capable of delivering a bcam with an

energy of 150 kV and a current density of 0,16 - 5 A/cm2 for 300 nsec has

(1)

been described previously, The cvoss-sectional dimensions of the elec-

tron beam were 2 cm x 22 cm, The beam deposited its energy in typical
KrF mixtures which were containec in a teflon cell, The cell was 0,5 cm
in the beam direction to insure unifc rm energy deposition over the volume

(2)

of the cell up to pressures of 4 atmospheres,

“)Mangana, J.A,, and Jacob, J,H., Appl. Phys. Lett, 27, 495 (1975)
(2) acob, J.H., I. Appl. Phys. 45, 467 (1974).

11
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The KrF fluorescence amplitude was measured using a pair of
apertures to define the solid angle of the detected radiation from th - eam
excited mixtures, A calibrated photodiode was used to detect the emission.
A 5 nm bandpass filter centered at 250 nm was placed in front of the photo-
diode. The KrF* fluorescence amplitude in wat:ts/cm3 could then be related
to the flux seen at the photodiode by integrating over the distributed fluores-
cence source excited by the e-beam. Isotropic KrF" fluorescence was
assumed in this calculation. This condition was assu~ed by utili .ing a
small beam current density (=5 A/cm®) to avoid the effects of amplified
spontaneous emission. Because KrF is unbound in the ground state the
medium is optically thin,

The KrF* steady 8’3 fluorescence intensity for mixtures contain-
ing 1% and 15% Kr is shown in Figure 1 as a function of total mixture pres-
sure, Similar data were also taken with mixes containing 3% and 6% Kr.
Al*hough the KrF* fluorescence amplitude peaks at a pressure of 1.0 - 2.5
atmospheres, the KrF" laser output (under comparable experimental condi-
tions) from these mixtures can continue to rise with increasing pressure up
to approximately 4 atm, (3) In a laser device, the concentration of KrF can
be reduced by a suitably high laser cavity flux which can compete with and
perhaps dominate all other quenching processes., These results imply that
the decrease in KrF fluorescence amplitude for high pressures is caused
by quenching of the KrF=ég directly and is not a process which interferes with
the formation of KrF, * Because the cavity dimension in the direction of the

e-beam is only 0.5 cm the energy deposited in the mixture increases linearly

(3)

Brau, C.A,, and Ewing, J.J. private communication.

12
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with pressure, As a result, if there is no KrF{ quenching the fluorescence
will rise linearly with pressure. At high pressures a two body quenching
will result in a constant radiation at high pressure, For three body quench-
ing procrsses the Kr F* fluorescence amplitude eventually decreascs at

high pressures, Consequently, a second important conclusion is that for
the mixtures considered here, three body quenching processes eventually
dominate at high pressure,

In order to obtain further information concerning the KrF* quenching
processes, spectra shown in Figure 2 of the spontaneous emission from
e-beam excited mixtures were obtained at mixture pressures of 0,5, 2 and
4 atmospheres. The uncalibrated spectral intensity scale is approximately
logarithmic. At 0.5 atmosphere essentially all of the radiation from the
mixture is contained in the KrF* 22 1/2 - 221/2 band at 248 nm. However,
two other broad bands, containing much less energy, are observable, The
first is centered at 415 nm and has been identified with the 282 - Ay transi-

U e oo Brerrd) BERt), Gk

tion of the excited triatomic KrzF*.
roughly at 270 - 280 nm, is most likely a combination of radiation from the
22-21‘1 band of KrF and perhaps radiation from the excited triatomics
ArzF*M) and ArKrF, * Identification of the KrzF* and ArzF* bands was in-
ferred by observing the radiation from binary mixtures of Ar/FZ and Kr/FZ.
From the Kr/FZ mix we observed the same spec‘ra except that some of the
structure in the band centered at 270- 280 nm disappeared. From the Ar/F2
mixture, the spectra showed only a very broad band centered at 290- 300 nm

which has been identified as Arsz radiation. The spectrum obtained at a

(4)

Krauss, M, NBS, private communication

14
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total mixture pressure of 4 atm indicates that, compared with the 0.5 atm
spectrum, csscntially the same cnergy is contained in the KrF* ZE 1/2—7-231/2
band, although the ¢-beam energy deposited increased by a factor of ~8, v
This spectrum indicates that most of the additional energy deposited by the
e-beam was channeled to KrzF.* Consequently, (because of the laser re-
cult of Reference 3 and our measurements which will be discussed sub-
sequently), three body KrF quenching mechanisms ultimately result in
KrZF* formation,

In order to determine the Krl’;ii fluorescence efficiency from the
data shown in Figure 1, the beam energy density deposited in the mixture
was determined by monitoring the pressure rise in the cavity. The steady
state power deposited in the mixture was then calculated., These measure-
ments agreed with beam energy deposition calculations for these mixtures
to within 10%. (2} The KrF fluorescence efficiency (shown in Figure 3) >
was then computed as a function of total mixture pressure by dividing the
fluorescence amplitudes (shown in Figure 1) by the corresponding beam
power density deposited.

Since the mixture contains >=85% argon, the high energy beam elec-
trons deposit most of their energy into the argon. Approximately 557 of
this energy goes into forming argon ions, (5) Art. At low pressures
(< 1 atm), these ions rapidly recombine with the negative ions F~ with a

diffusion-limited equivalent two body rate constant of approximately 2-3 x

10'6 cm3/sec(6) to form ArF". The ArF" can radiate at 193 nm and form

) peterson, L.R. and Allen, J.E., J. Chem. Phys. 56, 6068 (1972), ,

(6 Flannery, in Case Studies in Atomic Collision Physics 2, edited by
McDaniel, E"W., and McDowell, M.R.C., Nort olland, Amsterdam,
1972, p. 3
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ground state Ar and F atoms. The radiative lifetime of ArF has been

(n

However, at sufficiently high krypton number

(8)

calculated to be 10 nsec.
densities, the krypton will exchange with the ArF’ to form KrF . In
fact, the decrease in the KrF fluorescence efficiency seen in Figure 3 at

low total mixture pressures can be explained if some significant number

of the ArF" radiate before the exchange reaction can occur,

At high pressure the argon ions and neutrals form Ar; with a threc-
-31 b (9) +
body rate constant of 2.5 x 10 cmn /sec, The Ar’, canundergo charge

-10 (10)

transfer with Kr to form Kr' with a rate constant of 7.5 x 10 cm3/sec.
For lean krypton mixes the Ket will combine with the negative fluorine ions

to form KrF. As the Kr density is increased, Krl will be formed., We have

2
verified that by varying the e-beam pump power by a factor cf 30, Kr; re-
combines with F~ to form KrF:.'i(H) The KrF can spontaneously decay with

2)

a lifetime of 6.5 nsec ‘calculated by Dunning and Hay}(l or can be colli-
sionally quenched. Three body quenching of KrF is primarily responsible

for the decrease in the KrF  fluorescence efficiency seen at higher pres-

sures. From Figure 3 this collisional quenching is seen to be dependent

on the krypton density, The dependency on krypton partial pressure can

(7)Michels, H., United Technologies, private communication.
(8) Ewing, J.J., LLL, private communication.

(9)McDaniel, E.W., Cermak, V., Dalgarno, A., Ferguson, E.E., and
Friedman, L., Ion-Molecule Reactions (Wiley-Interscience, New York,
(1970) p. 338,

(10) Bohme, K.K., Adams, N,G., Moselman, M., Dunkin, D.B,, and
Ferguson, E,E., J, Chem. Phys. 52, 5094 (1970).

(11) For a detailed discussion of this verification procedure see Rokni, M.,
Jacob, J.H., Mangano, J.A,, and Brochu, R., to appear in Appl. Phys,
Lett,, May (1977).

o (12) Dunning, T.H. and Hay, P.J., Appl. Phys. Lett. 28, 649 (1976).
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be explained by krypton quenching of KrF ', (12) The dominant KrF " quenching

consistent with all the data above are two body quenching by }:"2(1 3)
k

KrF* + F2 v products (1)
three body quenching by Ar
kz
KrF + 2Ar - products (2)
and three body quenching by Kr
0 k3
KrF + Kr + Ar - products (3)

We postulate that ArKrF' is formed by reaction (2) and is rapidly displacea

to form KrZF*. In reaction (3) KrzF* can be formed directly. The excited
triatomic KrzF* then radiates (2B2 - Al) to give a broad band centered at

415 nm, The products (kZTI) and (k37'1) of the rate constants (for the KrF*
quenching) and the radiative lifetime 7T |+ can be determined by fitting the pre-
dictions of the kinetic model to the KrF fluorescence efficiency data. At high
pressures (> 1 atm) the resulting fit is especially sensitive to the value assumed
for these products. Using the measured value of (k1 T 1) = 5x 10-18 cm3

(Ref, 20) and analyzing all the data we have determined the products (k27' l)

and (k3‘r 1). For mixes containing 1% Kr the effect of reaction (3) on the quench-
*
ing of KrF is < 10%. So, from the very lean Kr mixes, a value of (sz 1) is

measured to be

ky7, = 5.24 0.5x 107 cm®

§
£
4
£

As the Kr partial pressure is increased reaction (3) becomes more important

and analyzing the data for the various mixes, the (k3’r 1) product is determined

to be

(ky7 ) = 4241x 10739 ¢m® s

(13) Rokni, M., Jacob, J.H. and Mangano, J. A., (unpublished).
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(12)

Assuming the Dunning and Hay calculated KrF ' lifetime of 6. 5 nsec,

-32

k, = 8 x 10 c11\6,/sec and k,, = 6,5 x 10-3l cx116/sec.
At low pressures (< 0.5 atm), the KrF:ﬁ fluorescence efficiency is

sensitive to the product of the rate constant, k., for the exchange reaction

.k .
Kr + ArF &+ KrF  + Ar

and the ArF radiative lifetime T, The value for this product giving the

(14)

best fit to the low pressure data is

k7, =55407x 10" % cm’

—_

Assuming the value of the ArF’ radiative lifetime calculated by Michels, (7

10 (14)

10 nsec, the exchange rate constant, ke, is 5.5 x 10~ cmg/sec. Com-

bination of the excharge reaction and the three body quenching results in the

(15)

following approximate expression for the steady state' ™ fluorescence effi-

)

ciency n

keTZI\'Kr 1

1 +k TN . :
e 2 Kr l+leI"F2 +k27‘lI\Ar+k

n*qz\r‘f

5 : (4)
3 Tli\KrI\AI‘

where NKr is the density of krypton, NFZ is the density of Fz and NAr is
the argon density., The code agrees with Eq. (4), over the parameter range
investigated in this article, to within 10%. The maximum efficiency M for
producing KrF is about 25%. The curves shown in Figure 3 are a plot of
Eq. (4). In Figure | the curves plotted are the product of r and the e-beam

power deposited.

(14) We have recently measured the exchange reaction by observing the de- .
crease in the ArF* fluorescence and obtained a value of k, = 6.5 x
10-18 ¢m3 /sec. This work was reported by us at the 7th Winter Col-
loquium on High Power Visible Lasers, Park City, Utah, Feb. 16-18, . B
(1977).

(15) The steady state assumption is valid because the dominant rates are
much less than the 300 ns e-beam pulse.

e g
oty
p Al
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The saturation flux can now be calculated for the KrF”' laser. If the

KrEF quenching process is included, the saturation flux can be written as

Y 2
d’SAT‘ = Of—-qu (r + le‘NFZ + szlN + k3TINKrN) (5)
where hy = KrF  photon energy (5 eV) and o, = stimulated emission cross

section, The product of the KrF~ stimulated emission cross scction and life -
time have been measured to be 1.6 x 10-24 crn2 - sec. (16) This result is

in good agreement with that inferred by Tellinghuisen et al, (17 by analyzing
the KrF::: fluorescence spectrum. Using the measured value of 9.7y and (5),

the saturation flux for the KrF laser is approximately 0. 85 MW/cm2 for a

mixture containing 0. 3% F,and 1% Kr at a total pressure of one atmosphere.

(16) Hawryluk, A., Mangano, J.A. and Jacob, J.H., Proceedings of the
Third Summer Colloguium on Electronic Transition Lasers, Snowmass,
1976 (unpublished).

(17) Tellinghuisen, J., Hays, A, K., Hoffman, J.M, and Tiscone, G.C,,
J. Chem. Phys. 65, 4473 (1975).
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B. KrF LASER MEDIUM GAIN AND ABSORPTION EXPERIMENTS

A frequency-doubled, flashlamp-pumped dye laser was built to mea-
sure the gain or absorption of a typical e-beam cxcited KrF lascr mixture
(0. 37 Fz/ﬁ% Kr/93. 7% Ar) in the 20 cm device. A schematic diagram of
the experimental apparatus is shown in Figure 4. A 12-c¢m long coaxial
flashlamp was used to pump a slowly flowing dye located ina 8 mm inside
diameter quartz tube centered in the flashlamp bore. With various mixtures
of Coumarin 480 and 522 dyes diluted in methanol, ~10 to 50 mJ/pulso could
be produced in the visible wavelength range between 490 and 540 nm, with a
linewidth of ~1 A (FWHM). Two dyes were needed because neither dye
alone lased over a sufficiently wide wavelength range. It was found that a
mixture of the two dyes lased more efficiently from 490 nm to 510 nm than
cither dye alone in any part of this region. The dye lascer was tuned with a
standard grating (1200 lines/mm blazed 17° 27'). The laser pulse duration
was ~300 nsecc FWHM. The tuned output of the dye laser was focused into
a Lithium Formate Monohydrate crystal (LFM) purchased from Lasermetrics,
Inc. The conversion efficiency from visible to UV varied between 0.1 and
0. 5% over the wavelength band probed. The output of the doubling crystal

agew .
TSR 2 )

(170 neee TWITND wars collimated with a negative lens and filtered to remove
the visible fundamental component. The frequency-doubled probe signal
was then passed through a UV beam splitter which sampled a few percent

of the signal and directed it into a reference photodiode as shown in Figure
4. The remainder of the doubled signal was passed through the excitation
cell and collected on the probe photodiode. Part of the signal was reflected

and sent into a 0. 5 meter Hilger spectrometer so that the wavelength of

the doubled dye laser could be determined to within + 0. 2 nm.
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The discharge cavity was constructed of Lucite and stainless steel
and capable of withstanding mixturce pressures up to 4 atm. In the experi-
ments, beam intensities of 1.5 and 6 A/Cma were vsed to pre-ionize high-
pressure mixtures containing Ar, Kr and F‘Z. Energy deposition by the
r-beam into the lasing mixture was monitored by a Validyne pressure trans-
ducer. By measuring the pressure rise from the calibrated transducer, it
is posgible to calculate the total ercergy deposited by the e-beam. This is
done by calculating the instantanecous temperature rise in the lasing volume
from the average pressure rise in the entire cavity. Once this is calculated,
and taking into account the fact that ~25% of the e-beam energy is radiated,
it is a simple matter to calculate the e-beam energy denosition.

The doubled dye laser was first tuned to 2485 & and used to probe
the evacuated cell. Typical oscillographs of the signals seen by the probe
and reference photodiodes are shown in Figure 5. This first shot was used
to calibrate the effects of geometry on the reference and photodiode signals.
The cell was then filled with 3 atm of the laser mixture (0. 3% FZ/()";B Kr/
93.7% Ar). The probe lascr was fired again and the resulting oscillograms
are also shown in Figure 5. The decrease in the normalized (to the refer-

ence signal) probe signal is attributed to photoabsorption by the F. at

2
2485 K. The photoabsorption crose section for FZ which was measured in
this manner agreed with the results of Steunenberg and Vogel“g) to within
+ 5%. Finally the doubled dye laser was synchronized with the e-beam

2

(1.5 A/cm”, 150 kV) and the excited KrF" laser mixture was probed at

2485 R, the wavelength of the peak gain of the larger KrF* laser band.

(18) Steunenberg, R. and Vogel, R., J. Am. Chem. Soc. 78, 901 (1956).
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GAIN MEASUREMENT
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A = 2485 K
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Figure 5
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Oscillograms Showing the Probe and Reference Photodiode
Signal at Various Stages of a Gain Measurement
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Gain at this wavelength was secn as evidenced by an increased normalized
probe photodiode signal as shown in Figure 5. KrF* fluorescence accounts
for 0. 25 full divisions on the probe signal under e-beam excitation. The
doubled dye laser was tuncd to a number of wavelengths in the region of

the KrF (221/2 - 221/2) spontaneous emission band. This spontancous
emission band and the narrowing of this band upon lasing are shown at the
top of Figure 6. The small signal gain or loss seen at various probe wave-
lengths were also plotted in this figurc. The FZ photoabsorption has been
subtracted from these data. At wavelengths to the red of the KrF' emis-
sion band (22550 to 2670 K) a relative !y constant absorption is seen. This
nearly constant absorption is being attributed to several ionic and excited
species which are listed in Table 1. Table 1 also gives the number densitics
of these species as predicted by our kinetic code for a 1.5 A/cmz and

)

6 A/cmz c-beam current density. Mandl"'? has measured the F- photo-

detachment cross section to be essentially constant at wavelengths between

245 and 270 nm. The photoionizatior cross sections of Ar” and Kr have

( (21

been calculated by H. Hyman. 20) Stevens, Gardner and Karo have

recently calculated the Ar2+ photoexcitation cross section and determined

that it has a peak value of 5 x 107" cm® at 3000 8. The Kr,* photoabsorp-

tion cross section was estimated by red shifting the Stevens, Gardner, and
Karo Ar2+ cross section by 200 R. el Finally we have followed M. Krauss's
(22)

suggestion and assumed that KrZng will have the same photoexcitation

cross section,

T

(19) Mandl, A., Phys. Rev. A 3, 251 (1971). .
(20) Hyman, H., (AERL) private communication. 3
(21) Stevens, W., Gardner, M. and Karo, A., (unpublished).

(22) Krauss, M., private communication.
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The total absorption mcasured at an e-beam current density of

1.5 A/cm2 is 1.5 x 10"3 cm™!. From the data listed in Table 1 we cal-

culatec an absorption of 1.4 x 10 3em™ ! Ate A/cm2 the measured and
calculated values are 4.4 x 10°> and 4.1 x 10°> ¢m”!

At shorter wavelengths, approximately 2525 R, the absorption in-
creases slightly. This increase may be caused by KrF* self-absorption
from the 22:]/2 state to higher-lying Rydberg levels. Indeed the probe
laser photon energy (wavelength) at which this additional absorption appears
is close to the energy difference between the lowect vibrational levels of
the excited 251/2 state and the lowest-lying Rydberg level calculated by

Dunning and Hay, (12)

At still shorter wavelengths, gain begins to overtake
the absorption. At a probe laser wavelength tuned to the center of the small
laser peak, gain has become larger than the ionic and excited state absorp-
tion, At a slightly shorter wavelength (in the valley hetween the spectral
peaks in the laser output), absorption is again measured. Finally at a probe
laser wavelength corresponding to the center of the larger laser band, maxi-
mum gain is seen. The effective stimulated emission cross section at this
wavelength can be determined by subtracting out the effect of the excited state
and ionic absorption (which is assumed constart over this band) from the ob-
served net gain. The effective stimulated emission cross section is defined
here as the difference between the actual stimulated emission cross section
of the transition and the self-absorption cross section to the higher-lying
Rydberg levels. If the kinetic model for the formation and quenching of

KrF (2231/2) is used to predict the KrF  number density vnder the condition

of this experiment, the product of the effective stimulated emission cross




TABLE I
KiF* PHOTOABSORPTION

e Y NUMBER DENSITY ABSORPTION
SPECIE CROSS SECTION SOURCE e o
i = 15 a/cm? 6 A/em?2 15 Alonf 8 Alem?
£ 56 % 10718 MANDL 1ixw™ | 22,10 | 62x107? 12 x 1073
K, 16 x 10718 ESTIMATED 43x 10" | 49510" |69x10" 79 x 1075
K f* 16 10718 ESTIMATED 37x10™ | 15x 10" | 59107 24 2 1073
Ayt 13x 107" STEVENS ETAL | 53x10'2 | 18x 10" | 69 x 107° 23 x 1074
) A Kot 6x10° '8 HYMAN 62x10'2 | 26x10" | 37.105 16 x 1074
TOTAL CALCULATED ABSORPTION 14 x 1073 411073
TOTAL MEASURED ABSORPTION 15 x 1073 aax10d
] G8167-1
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section and the transition lifetime can be determined. This product at

peak gain was found to be

- ~24 2 .
Ogrim 71 T 1.75 + .25 x 10 cm - sec

Assuming the Dunning and Hay calculated value“z) for the KrF  lifetime of

6.5 nsec, the effective stimulated emission cross section is 2.7 + .4 R 2.

(17)

have analyzed the KrF spontaneous emis-

sion spectrum and found a value of 1.7 + .2 x 10.24 cm2 - sec for the

Tellinghuisen, et al.

product of the true stimulated emission cross section and lifetime. The
agreement between the effective stimulated emission cross section and the
actual cross section indicates that the self-absorbtion losses in the KrF*
laser are small,

Initial measurements taken at an ¢-b-~am current density of 5 A/cm?‘
show both larger gain and absorption levels for a fixed discharge cell, The
measurements taken under this condition indicates a slightly smaller stimu-
lated emission cross section, specifically, 2.4 + 0.2 R 2, again assuming
the Dunning and Hay lifetime for KrF*. This result also agrees favorably
with the Tellinghuisen et al. calculated value mentioned earlier. At 5 A/cmz,

the value we measure is 1,55 + .15 x 107%% cm? - sec.
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C. SUMMARY OF MAJOR RESULTS
The major results obtained this period can be summarized as follows:
(1) The product of the rate constant, ke, for the displacement

reaction

* ke *
Kr + ArF — Kr¥ + Ar

*
and the radiative lifetime 7'2 of ArF is measured to be

kT, = 5.5+ 0.7x107"% cm’

Taking a calculated T, of 10 ns we have

10

ke = 5.5%x 10 cm3/sec

ror pressures < 1 atm and for mixtures with sufficient Kr, this reaction
cffectively competes with the spontaneous decay of ArF#, making the effec-
tive branching ratio from e-beam ionization of Ar to KrF* essentially unity.

(2) The decrease in KrF* fluorescence efficiency at high pressures
(> 1 atm) is due predominantly to two body collisional quenching of KrF* by
F2 and three body collisional quenching by Ar and Kr. The decrease is not
caused by processes that interfere with the formation of KrF . In fact,
with sufficient Kr the channeling of energy from e-beam ionizaticn to KrF'
proceeds with essentially unit branching for pressures up to 4 atm. Conse-
quently, by using a sufficiently high laser cavity flux to stimulate KrF*
quickly, the effect of these loss processes can be made negligible.

(3) Three body quenching of KrF leads to the formation of KrzF*

through the reactions
k

KrF* + K+ Ar —Z’ KrzF* + Ar
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and
k

KrF + 2Ar — ArKrF + Ar

followed by

ArKrI-‘:: + Kr — KrZF): + Ar

The rate constants kz and k3 are measured to be

SE cmﬁ/sec

31

k 8 x 10"

2

ks

*
if a radiative lifetime of 6.5 nsec is assumed for KrF .

6.5x 10 cm6/sec

(4) The inclusion of these rates into a kinetic model correctly pre-
dicts the variation of KrF”= fluorescence with pressure up to 4 atm (highest
measured) for all the mixtures tried.

{5) The product of the KrF;:A stimuia’asd emission cross section,
o, and radiative lifetime, T 1’ is measured to be 1.6 x 10'24 crnz-sec which

7)

agrees with that inferred by Tellinghuisen et al. (1 Furthermore, the
self-absorption of KrF ' at the laser wavelength is small.

(6) The measured excited species absorption at the laser wavelength
agrees with those calculated using excited state densities predicted by our
model, and using measured or calculated cross sections. The predicted
variation of the absorption with different e-béam excitation levels also agree
with those measured.

(7) These measured rates and cross sections enable us to calculate

the laser saturation flux given by

hy 2
b0 ™ 5o (1 +k1‘rlNF2 +k,T NS4k

7 N, _N)

3" 1" Kr

At 1 atm with a typical laser mix of 0. 2% F, 5% Kr, balance Ar, we get

- 2
640 = 0-8 MW/cm
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III. ENERGY EXTRACTION AND SCALING

With the understanding of the dominant formation and quenching pro-

€3
cesses, one can predict, for a given laser mixture and excitation, KrF

formation efficiency, gain and excited species absorption, To be able to

predict laser efficiency and scaling, one must then look at the interaction

of the laser medium with the photon field.

For a KrF laser, the lower laser level is repulsive so the lower

state lifetime is expected to be very short. In this case the gain can be
written as

1
8 = By ] +¢;7¢Sat

where g, is the small signal gain and ¢ is the laser cavity flux. If the
laser medium absorption coefficient a times the length, L, of the gain

medium is such that a L « 1 then the optimum extraction efficiency n

(laser photons out per upper state formed) is given by

However, for ultimate length and energy scaling this formula is no longer
useful,

A laser power extraction model which includes distributed laser

medium loss has been developed. This model can be used to predict the

laser power extraction efficiency at optimum output coupling as a function

of the small signal gain and absorbtion coefficients, g, and a, and the
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laser length, L.. The analysis assumes a stable optical resonator con-
figuration in which the modes are assumed to be purely transverse, A
homogenecously-broadened gain medium is also assumed, Since the laser
pulse is much longer than the gain risetime and the photon transit time of
the optical cavity, a steady state analysis was made.

The laser power extraction efficiency at optimum output coupling
T was determined by solving a pair of simultaneous transcendental equa -
tions. The first equation determines the laser output {lux, ¢ (normalized

to the saturation flux) as a function of T, g, and a,

_(.5__ ra++a_

o T 2r 1 e N

f(d),T)-Qni_ ey +k[ZuL+Cn?]-O (6)
T 2r
where
5 1/2
1. 1 - 211 . 4ro
k g 2

A second transcendental equation in ¢ and T can be obtained b defining
the extraction efficiency, n, as d)/goL, recasting the equation above as

g(n, T) = 0 and forming

2g (n.T) = 0. (7)

8T on
ot ~ ¢
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This transcendental equation can be solved simultaneously with Eq. (6) to
give the extraction eificiency and normalized laser flux as the optimum out-
put coupling for relevant values of gOL and al.. These results are shown
in Figures 7 and 8. In addition the optimum output couplings for these g L
and a L values are plotted in Figure 9.

Note that for efficient extraction one must have goL » 1, al. <1
and 8, > 10a. Now g and a both depend on the level of excitation and laser
mixture. a is also dependent on the laser cavity flux, For example, KrZFa.
is an important absorbing species. Since KrZF* is formed from KrF*, it
can be shown that with a laser cavity flux, the number density of KrZF* is

proportional to 1/(1 + 6/ The above analysis assumed that the absorber

sat)'

is nonsaturable; that is, the absorber density is not decreased by the laser

cavity flux. This analysis can be used if one separates the total medium ab-
*

sorption into saturable (e. g., KrzF absorption) and nonsaturable (e. g., F2

absorption) parts. The saturable part can be treated as an effective reduction

in small singnal gain g, as long as

1
%at T T 7 ¢7¢sat (8)

The analysis is then used with an effective small signal gain 8,7%,¢ in-
serted.

To calculate laser efficiency and scaling, the extraction model can
be coupled to the kinetics calculations. This has been done and an example

of the result of such a calculation for a 1-meter KrF* laser pumped by a

11,5 A/cmz, 250 kV, 600 nsec e-beam is shown in Table 2,
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EXTRACTION EFFICIENCY AT OPTIMUM OUTPUT COUPLING

Figurce 7
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Plotted against gL, with al. as a Variable Parameter
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TABLE 2

KrF LASER MODEL PREDICTIONS

Laser Mixture 0. 2%F »/4% kV/95. 8% Ar
@ 1.7 atrm
E-Beam Energy 250 kV
: E-Beam Current Density 11.5 amps/cm2
‘ Pulse Length 600 nsec
: Length of Active Medium 1 meter
» Laser Optical Cavity Output Coupling 70%
Small Signal Gain (goL) 3.3
’ Laser Madium Absorption at 249 nm 0. 34
Laser Cavity Flux (¢ _,.,) 3.7 MW/(:m2
Saturation Flux (§ __,) 1.4 MW /cm®
¢cav/¢sat 2ol
KrF' Stimulated/KrF::. Formed 0.73
Extraction Ef{iciency (Laser Photons 46%
Out/KrF* Formed)
Energy Extraction 12. 6 J/liter
Intrinsic Laser Efficiency 9. 8%
(Laser Outpit Fnergy/Energy Deposited)
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IV. ONE-METER E-BEAM/E-BEAM SU5I'AINED DISCHARGE DEVICE

To demonstrate efficient large pulse energy extraction and test sur
scaling prediction, a one-meter device was designed and built. A cross-
sectional view of the cold cathode e~gun is shown in Figure 10. The e-gun

was designed to generate a heam with the following characteristics:

Beam Encrgy 250-350 keV
Current Energy = 10 A/cm2
Area 10 cm x 100 cm
Pulse Length =1 pys

[}
The gun is powered by a 5-stage Marx generator built by Maxwell which 1¢

connected to the cathode through 2 parallel high voltage vacuum bushings to
: minimize circuit inductance. The cathode lead current is monitored by two
current transformers mounted outside the bushing.

Both graphite and tantalum blade cathodes have been used; however,

for fast current rise, tantalum blade cathode is generally chosen. The
blades are two mil thick tantalum strips, each 1| meter long. A picture of
the cathode and the e-gun chamber is shown in Figure 11. The anode is

i made of 75% transparent stainless steel screen. After the anode screen
there is a 4 cm long field-free drift region. The electron beam enters the
laser cavity through a 2-mil thick aluminized kapton foil which is supported
against the pressure in the laser cavity by a 90% open '"hibachi' support
structure. The e-gun chamber is pumped by a 6-inch baffled diffusion pump

backed by a 15 CFM mechanical pump. Typical operating pressure in the

e-gun is > 10-5 torr. e

Ini‘“
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Figure 10 Cold Cathode F-Gun
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Fignre 11 Photograph of the Cathode and E- Gun Chamber
i
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The Marx generator circuitry is shown in Figure 12. The Marx
bank consist of 5 capacitors (1.25 yF, 75 kV) and the bank is erected by
5 series tripgered spark gaps. The bank is connected to the cathode lead
through 2 Q resistors (HZO + NaCl) which dissipate the Marx energy in the
event of an arc over in the e-gun or bushing. In addition, these resistors
aid in complete voltage (and current) crowbarring by the diverter gap.
Typically at most one quarter of the storcd energy in the bank is used in
the e-gun. The remaining energy is crowbarred by a diverter gap. There-
fore, the voltage droop during the e-gun pulse is small, typically less than
15%. T#*s allows reliable diverter operation and minimizes the number of
%ﬂergy electrons striking the foil. The diverter and series gaps are
triggered, through trigger gercrators, by two sequential pulses. Variable
delay between the pulses allows e-beam pulse widths tc be varied from
200 nsec to 1.5 pusec.

A cross-sectional view of the laser cavity is shown in Figure 13.
The cavity is constructed of plexiglass and has a G10 strongback. This
allows cavity pressures of up to 5 atm. The laser optical cavity is formed
by two mirrors external to the laser cavity. Generally a flat-flat optical
cavity is used so that the intensity variation across the laser output beam
directly reflects the variation in e-beam or discharge energy deposition.

For e-beam sustained discharge pumping a stainless steel screen
is placed 2 cm in front of the foil. This screen serves as the grounded
discharge cathode. A stainless steel discharge anode is placed 10 cm from
the foil. This anode also serves as an e-beam collector plate. The dis-

charge anode is connected to discharge circuitry by three feedthroughs to
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minimize inductance. Discharge current is monitored by 3 current trans-
fermers in the return path, and the discharge voltage is monitored by a

20 Q H‘Z()/(‘,uSO4 resistor connected from anode to ground throuph a current
transformer.

The discharge circuitry is contained in a separate oil tank. A
schematic of the discharge circuitry is shown in Figure 14. This low
inductance circuit allows discharge voltages of up to 100 kV which corre-
sponds to electric field of up to 10 kV/cm at full anode-cathode spacing.

A triggered series rail spark gap connects the capacitors across the dis-
charge electrodes through three parallel HZO/CuSO4 resistors. These
resistors dissipate the energy in the event of an arc in the discharge and
also allow the remaining capacity energy to be crowbarred by a diverter
gap after the desired pulse duration has been reached. This allows the
discharge voltage to be held at the desired value over the entire discharge
pulse. This circuitry allows us to explore a range of operating conditions.
Once the optimum has been found however, this circuitry can be replaced
by a PFN to give optimum performance and efficiency.

The discharge circuitry, the e-gun together with the Marx generator,
and the laser cavity together with the vacuum system are mounted on three
separate carriages, each riding on rails so that they can be separated for
easy access into the e-gun and laser cavity. A photo of the entire system

is shown in Figure 15.
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Figure 14 One Meter KrF Laser Discharge Circuitry
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V. E-BEAM MEASUREMENTS AND INITIAL
KrF* LASING EXPERIMENTS

After some initial system checkout and characterization a series of

¢-beam characterization experiments were performed. An example of e-gun

cathode lead voltage and current traces are shown in Figure 16. The 200
nscc risetime in the voltage was caused by Marx generator circuit induc-
tance and the final voltage droop was due to the draining of the capacitors,
The lead current rose continuously during the entire pulse because of
diode closure.

The transmitted e-beam in the laser chamber was measured as a
function of position along the plane of the foil and along the direction awav

from the foil. Three different diagnostic techniques were used.

e

(1) Time integrated e-beam intensity variation in the plane parallel
to the foil was measured by placing strips of Cinamoid in the path of the
c-beam. Cinamoid is a red gel, encapsulated in plastic, which becomes
bleached by the action of the e-tteam. The light transmission through the
film after e-beam exposure is a measure of integrated e-beam current
density in coulombs/cmz. The response (transmission/e-beam exposure)
was not quite linear in the range of exposures provided by our device in a
1 ys pulse. The great advantage of this technique is that an approximat:

e-beam spatial profile can be taken quickly with a single pulse.

(2) Time resolved e-beam profiles were also measured using a
collimated photodiode which measured the KrF* fluorescence intensity

emerging from the laser cavity., The experimental arrangement used is
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Figure 16 E-Gun Cathode Voltage and Current Characteristic
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shown in Figure 17. Pinholes aligned parallel to the lascr optical cavity
axis were usced in front of the photodiode so that only collimated light
reached the detector., The pinhole and detector assembly were mounted

on linear translation stages so that scans could be made across the plane of
the cavity window. For those measurements, 248 nm fluorescence in mix-
tures of Ar, F?_ and Kr were used. The medium was coptically thin, therc-
fore, the detector saw fluorescence averaged over the length of the

cavity. Therefore, only e-beam deposition variations across the laser
aperture were monitored.

(3) The e-beam intensity was also measured with a FFaraday cup
array. The design of the array is shown in Figure 18. Each element
collected 1 crn2 of the e-beam. Conical graphite collectors were used to
minimize electron reflection. Each element was fed into a coaxial cable
matched at the oscilloscope for fast temporal response. The array was
filled with SF6 to prevent breakdown and plasma return current flow.

An example of the transverse beam profile taken with Cinamoid
strips are shown in Figvre 19. These are vertical scans (across the si.ort
dircction) takein 0.5 ¢m from the face of the foil. The top trace was taken
at 6 ¢cm e-gun anode-cathode spacing at 300 kV applied which corresponded
to an averaged tranemitted current of 8 A/cmz. The bottom trace was
taken with 8 cm anode-cathode spacing at 300 kV which corresponded to
an averaged transmitted current of 5A/cm2. Notc the cffect of beam pinch-
ing. At only 0.5 cm from the foil, the effect of beam scattering by the foil
and gas was small; therefore, the center to edge beam fall off was due
strictly to the pinching of the beam by its self-magnetic field occurring in

the vacuum diode and drift regions, The effect became more pronounced

53

TS '”!"'”"“E"”" i IR

e W



\

l

\ \\\“
.\\\\\‘\

AN

\

BEAM
»—"COLLECTOR

Ny

\.\‘ \

m
1}
0]
m
>
E <
AR

\\

| ] CAVITY
WINDOW

FOIL ~
~ PINHOLE

/ APERTURES

—«——— THIN FiLM FILTER

%\5-5 PHOTODIODE

H2879

Figure 17 F-Beam Energy Deposition Measurement Apparatus

54

Sy R R

A O
i f




A g

s

TO VACUUN PUMP,
AND SF, FEED

t N TEFLON INSULATOR
| N
S ENENNNR

— »
amageree RS e
' T\ - —— —
O | | FOIL
= 2 - |

- ELECTRON
BEAM

e =—2
2.25cm I A
P | 5 g7
—
L .

R

— No ———ij ¢cm? APERTURE

I P
\ N NS \ N
—d N RN
OO RY CONICAL GRAPHITE

N
‘ \\ BEAM COLLECTOR

/BRASS F.OUSING

G6735

Figure 18 The Beam Collectors in the F .raday Cup Array are Constructed
from Graphite to Minimize Albedo. Each collector is terminated
in 50  and the voltage across these resistors are monitored.
The Faraday cup array is typically evacuated and backfilled with
~100 torr of SFg “« - liminate plasma rcturn current effects.

55




do'Gcm

SR L 1 | S S S G S S—
-5 -4 -3 -2 -1 0 | 2 3 4

do*8cm JJd’r//rwlfW/W’wﬂ1

o

| | 1 | | 1 | |
3 .2 -1 ) | 2 3 4 5

TRANSVERSE BEAM DIMENSION (cm)

G6696

Figure 19 Transverse Beam Profiles for Gun Anode-Cathode Spacings of
6 and 8 cm

A A s A A Gy 5 Ao~ 5
'
»




H
H
H

oo

as the beam current was raised. Here we sce almost a factor of two varia-
tion in beam intensity from the center of the foil to the edges for the 6 ¢cm
anode-cathode spacing case.

More quantitative data were obtained using the fluorescence

technique, Examples of the results of these mcasurements are shown in

Figures 20 and 21, Figure 20 shows vertical scans made at various distances

from the foil with 2 atm cavity pressure and 5 cm e-gun anode-cathode
spacing. Note at 2.5 cm from the foil, the variation in e-beam energy
deposition across the short e-beam dimension was almost 3 to 1. There
are two contributing effects in this case. Beam pinching before the foil in
the c-gun chamber and spatial beam diffusion caused by small angle scat-
tering in the foil and in the 2 atm gas mixture. Moving downstrecam of the
e-beam away from the foil, stopping of the e-beam by the gas mixture,
caused additional falloff in e-beam deposition. Here the effects of beam
scattering and stopping combined to yield a factor of 2.7 falloff in e-beam
energyv deposition while traversing only 6 ¢cm down the cavity mid plane.
For this case the total variation from the point closest to the center of the
foil to the furthest point within the cross section defined by the laser optical
cavity was greater than 10 ‘o 1. Figure 21 compares the vertical beam
deposition variation at 2.5 cm from the foil for two different e-gun anode-
cathode spacings.

Time resolved and spatially localized transmitted e-beam current
was measured with the Faraday cup array. An example of a resulting
scilloscene trace is shown in Figure 22. Here the array was placed with
the Faraday cup apertures 1/2 cm away from the face of the foil. The e-gun

anode-cathode spacing was 7,5 c¢cm and the Marx voltage was 300 kV. The
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Beam Current Density Variations in the Maxwell E-Gun. Data,
which are from three consecutive shots, show the stochastic
nature of these fluctuations.
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three scts of traces shown are results of three successive shots taken
under identical conditions, Signals from two Faraday cups are shown.

The bottom traces show signals from the cup centered at the foil midplane
and the top traces are those from one centered 2.26 c¢cm above the midplane.
llere we seelarge amplitude beam intensity fluctuations taking place on

10 nsec time scales. Note that locally the beam intensity can change by a
factor of 2 in times of order of 25 nsec. We believe that fast fluctuations
arc caused by localized ion emission from the e-gun anode (bipolar diode
effect) backstreaming under the electric field causing enhanced electron
emission at the cathode. A theoretical discussion of this will be presented
in Appendix A,

For pure e-beam pumping the effect of the localized fast temporal
e-beam fluctuations is minimized by the spatial averaging over the length
of the lascer by the laser cavity flux. However, the effect of the large scale
nonuniformities in energy deposition over the laser aperture can be serious
indeed. We have shown, in the previous section, that for a given level of
excitation there is, for optimal energy extraction, an optimal laser gas
mixture and also an optimal cavity flux (optical cavity output coupling).
Nonuniformity in excitation over the laser aperture will mean that this opti-
mal condition can only be chosen for a small portion of the entire laser
aperture. For a given output coupling, the intensely excited region would
be undercoupled, leading to inefficient extraction due to higher than neces-
sary laser medium absorption losses while the less intensely excited regions

will be insufficiently saturated or worse still, the excitation may not be

o

sufficient to reach threshold. A carefully designed unstable laser cavity

(3]
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would partially alleviate this problem:; however, {or optimum energy
extraction per unit laser volume uniform excitation must be maintained.

Even though it was realized that with the measured nonuniformity in
e-beam energy deposition, efficient energy extraction would not be possible
over the entire laser aperture, KrF* lasing experiments were carried out
so that comparisons can be made when improvements in e-beam uniformity
arc achieved. The experimental conditions and major results are sum-

marized below:

Laser energy out 25 joules
Intrinsic laser efficiency 3%
Active laser volume 10 liters

Energy extracted per liter 2.5 joules/liter

OQOutput pulse length 1 psec

e-beam cnergy 300 kV

Average e-beam current 10 A/cm2

Laser mixture 0.2% FZ/S% Kr/94.8% Ar at
1.5 atm

A laser beam burn pattern is shown in Figure 23. Note that as expected,
efficient lasing occurred only over a small portion of the laser aperture

and the energy output and efficiency were low compared with those predicted
thecretically when uniform excitation was assumed. An encouraging fact
shown by these experiments is that if we take the laser volume to be that
indicated by the size of the burn pattern, then the calculated energy extrac-

tion from this reduced volume is close to the 10 joule/liter predicted,
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Figure 23 KrFk Lascr DBurn Pattern (No Magnetic Field)
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Vi, E-BEAM CONFINEMENT BY EXTERNALLY APPLIED GUIDE FIELD

In the ¢-gun the magnetic field penerated by e-beam current flow can
cause the beam to pinch on itself. The magnitude of this cffect can be esti-
mated by calculating the Larmor radius at the clectron under the influence
of its self field. For an initially uniform e-beam of current density J having
height h and width w such that w > h, the magnetic field, B, at the edge of
the beam is given by

B o=y Joy }21 (9)
The lLarmor radius ry for the edge electrons is thken given by

mu 2mu
Po 8 5= 8

L eB T Jehh (30}

where mu is given by

()

mu = (ZmoE)l/Z (1 +———§;—~—2)l* (11)

2m c
0

and m 15 the electron rest mass and E is the clectron energy. In Figure
24 we have plotted the self-magnetic field and the Larmor radius for an edge
electron versus the quantity Jebh' If we take for our e-beam J = 10 A/cm2
and h = 10 we get r, ® 30 cm and in going from the cathode to the foil

(¥ 9 ¢cm) the edge electrons will have moved 1.5 ¢m towards the center of
the beam. Therefore, the effect will be quite pronounced. From Figure 24
we see that if the beam is allowed to pinch, height scaling of the e-beam

would be severely limited.
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Scattering and slowing of the ¢-beam by the foil and high pressure
lascer mixture leads to spatial diffusion of the e-beam and falloff in ¢-beam
cnergy deposition as one moves away from the foil. These effccts can be
calculated by using a two-dimensional age theory (see Appendix B). We
have done this for an initially uniform 300 kV, 10 ¢m high e-beam, imping-
ing on a 2 mil Kapton foil, then entering a 1.7 atm Argon-filled region. The
result of such an analysis is shown in Figure 25, where we have plotted con-
tours of constant c-beam cnergy deposition in the gas. Note that the energy
deposition decreases in every directior as one moves away from the center
of the foil. Here we see a factor of 2.5 falloff at the center of the beam
going from the foil to the far side of the cavity, When the effect of beam
pinching in the e-gun is taken into account the calculated e-beam deposition
profile agrees g ite well with the nieasured fluorescence variations reported
in the previous section,

Both beam pinching and transverse beam diffusion can be arrested by
the use of an externally applied magnetic guide field. If we apply a magnetic
field in the direction of e-beam current flow with intensity much greater than
the e-beam's self field, then the scattered clectrons will follow tight helical
orbits around the applied field lines. The electrons can stray from a field

line by only one Larmor radius, which is given in this casc¢ by

r, = = (12)

where B is the external field strength and V, is the component of the elec-

tron velocity in the plane perpendicular to B. Before entering from the foil

V, is small and the electrons follow the field lines closely. Scattering gives
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rise to V, and downstream from the foil the beam will spread slightly, The

spreading will be of order r - With sufficient applied field the spreading
can be made negligible,

In Figure 26 we have again calculated the e-beam energy deposition
profile for conditions identical to that of Figure 25, except here we have as-
sumed a uniform applied field of 800 G. In this casc one sees that the beam
is effectively confined and the encrgy deposition is uniform in the transverse
direction for all but the 1 ¢m ncar the far edge of the bcam. In the beam di-
rection the energy deposition is now peaked inside the laser region. This
simply is due to the increase in the stopping power of the gas as the e-bheam
slowed in the pas., Herce the c-beam energy deposition is uniform, to within
a factor of 1.0 over the entire lascr aperture.

The above analysis shows that an exiernal magnetic field is quite
effective in preventing beam pinching and beam diffusion, and the magnetic
fields required are modest,

To generate a guide field for our device two field coils were made.
Figure 27 shows a picture of one of these. The coils were made from 36
turns of 1-1/2 inch wide by 1/16-inch thick copper strips. The coils are
powered by two 100-1000 amp welding supplies supplied by AERL., Control
circuitry was made so that the coils are energized 10 sec before the firing
of the ¢-beam to allow time for the current to reach steady state and to allow
time for the magnetic ficld to fully penetrate the laser cavity and e-gun
chamber. The temperature rise due to l?'R heating in the coils during a
10 sec pulse was calculated to be neglugibie, so no water cooling was pro-

vided,
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These coils were designed to fit outside the laser chamber. The
location, size, and relative spacing of the coils were chosen with the aid
of a computer so that the field would be uniform to within + 5% for the en-
tire active laser volume and slightly divergent out to the position of the
e-beam cathode. The location of the field coil is shown in Figure 28. With
580 A in each coil the field in the center of the laser region was measured
to be 800 G, The measured magnetic field strength versus distance from
the e-gun cathode at the midplane of the laser cavity is shown in Figure 29,
The convergence in the field from the cathode to the foil is designed into the
system to bring the electrons emitted by the edge blades on the cathode into
the anode screen open area. These electrons, in the absence of an applied
field, would impinge on the e-gun chamber faceplate outside the screcen open-
ing and be lost to the beam. The convergent B-field in this case provides
the additional benefit of increasing the total transmitted current into the
laser cavity.

Experimentally, the action of the guide field is shown in Figure 30.
Here we compare the transmitted e-beam current, measured with the Faraday
cup array, with and without an applied magnetic field, Again, the top traces
are from a cup located 2.25 ¢cm above the midplane while the bottom traces
are from one at the midplane. For these measurements, a one-mil thick
titanium foil was used instead of kapton to provide additional scattering to
smooth out the fast spatially localized oscillations so that the large scale
beam wvariations can be easily seen. Note that without an applied magnetic
fiecld, beam pinching is quite evident. In fact, there was almost a factor of

2 variation in the transmitted beanm without a magnetic field. With the field,
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the beam became totally uniform. E-beam confinement in the laser cavity
is clearly shown in Figure 31, Here we show two open shutter photographs,
taken through one of the end windows, of the laser cavity fluorescence under
¢ -beam excitation with and without magnetic field. Without magnetic ficld,
scattering by the titanium foil caused the beam to spread and fill the entire
cavity, while with a 800 G field, the beam was confined with negligible

spreading.
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Vil. K-BEAM PUMPED KrF* LASER EXPERIMENTS

With the improvement in e-beam energy deposition brought about by
the application of a magnetic guide field, KrF+* laser experiments were
again tried. This time the results were dramatically improved. The
uniformity in pumping allowed energy to be extracted efficiently over the
entire 8.5 liter laser vclume. Figure 32 shows a typical laser output burn
pattern. Note that the laser fell off somewhat at the outer edges near the
beam collector which was due to the residual beam diffusion over one
Larmor radius (% 1 cm) as theoretically predicted in Figure 25.

The e-gun cathode voltage and current traces are shown in Figure 33.
A small portion of the output laser beam was scattered into a filtered photo-
diode (S-5) by placing a wire in the beam. The transmission of the filter
was peaked at 2485 R with FWHM of 25 . A typical laser pulse shape is
also displayed in Figure 33,

The laser output energy was monitored by a Scientek Model 364
calorimeter with ar 8-inch diameter head. Nextel flat black paint was
used on the heat-sensitive surface. The calorimeter was calibrated
absolutely by using the resistive heater embedded behind the heat sensitive
surface and a precision voltage source. Considerable vaporization of the
painted surface occurred during every shot of the laser. No attempt was
made to correct our energy measurements for imperfect absorption by the
calorimeter surfacc nor for energy iost due to paint vaporization. There-

fore, our measurements were probably somewhat low. In any case, the

results reported here can be taken as a conservative measure of what was

actually coming out of the laser. 79




KrF®* LASER BURN PATTERN
(800 G MAGNETIC FIELD)

E-BEAM

FOIL

LASER
APERTURE

DIRECT ELECTRON BEAM PUMPING

H2882

Figure 32 Laser Output Burn Pattern
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Major results of these experiments are given in Table 3. Also
shown for comparison are calculated predictions of our kinetics-comprehen-
comprehensive KrF* laser code. Similar agreement has been achieved
over a wide range of laser opcrating conditions. The agrcement of the
laser code with the experimental large scale laser results increcases

confidence in code predictions for larger scale devices,

82

»

A N A i




TABLE 3

COMPARISON OF MODEL PREDICTIONS WITH EXPERIMENT

0.2% FZ/-'I% Kr/95.8% Ar @ 1.7 atm
250 kv, 11.5 A/Cﬂla E-Beam
600 nsec Pulse Length

70% Output Coupling

Predictions Measurements
Laser Energy/Energy Deposited 9. 8% %
Energy Extraction 12.6 J/1 123/1
Extraction Efficiency 469,
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APPENDIX A

FAST BEAM CURRENT DENSITY FLUCTUATION

In addition to the spatial inhomogeneity in e-beam current density
caused by beam pinching, a faster temporal beam fluctuation, with 2 to 1

variations in beam current density averaged over a beam area of 1 cm ",

is observed. Typically, the amplitude of the fluctuation becomes large
~200 to 300 nsec into the pulse. The instability is characterized by in-
creases in beam current density by a factor of 2 in a timc which can be as

short as 25 nsec. We have found that there is no apparent temporal corre-

lation in these fluctuations in the beam current density between 1 cm

samples taken 2 cm apart. In addition, there is essentially no shot to shot

correlation between beam samples taken at the same transverse position.
These fluctuations can be caused by positive ions which are created

at the g. » anode. The ions can be generated when the surface of the solid

anode sections is heated by the e-beam. In 200 - 300 nsec, these parts are

heated by ~100°C so that some of the surface contaminants are vaporized
and absorbed gases are desorbed. The e-beam and local electric fields
can then icnize the evolved gases and produced positive ions. These ions
are then accelerated by the diode field and can partially neutralize the

A new quasi-equilibrium results in which both the

(1)

electron space cl. _ge.

electron and ion current densities are space-charge-limited. Langmuir

(1) Langmuir, L., Phys. Rev. 33, 954 (1929).
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has shown that for a planar '"bipolar diode', the space-charge-limited
clectron current density can reach 1. 86 times that obtained with no positive
ions. The potential acros:s the diode gap is plotted in Figure A-1 for both
electron space-charge-limited conditions and for the bipolar diode case.

In the case where a planar plasma electron source is present at the
cathode but where only small patches of ions are generated at the anode, an
even larger change in the electron current density is possible. Spatially
localized potential perturbations can lead to beam focusing. This effect is
illustrated graphically by Figure A-2. The fastest time scale on which the
local beam current density can increase is just the transit time of these
ions across the anode-cathode gap. Assuming a typical anode-cathode
spacing of 7 ¢cm and a cathode potential of -300 kV, the transit time for a
H' ion across this gap when accelerated by the space-charge-modified
electric field is 28 nsec. If the electron space charge were completely
neutralized by the positive ions, the ion transit time would be ~19 sec.
Therefore, the ion transit time across the diode gap is found to be con-
sistent with the shortest observed beam current growth time of ~25 nsec.
The local reestablishment of the original diode conditions then depends upon
the time history of ion creation at the anode and the density of the plasma.
Positive ions can be created randomly at the gun anode by desorbtion and
vaporization foliowed by beam and electric field ionization. However, at
the gun anode, the plasma formation time is longer (heating time by beam)
and the plasma is likely to he spatially nonuniform across the anode surface.
Again, this hypothesis is consistent w/ith the experimental fact that the
large beam current fluctuations develop 200 to 300 nsec into the beam pulse

and have small spatial correlation lengths.
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Figure A-1 Pntentials for ...th Unipolar and Bipolar Diodes are Shown. In
. the planar case the electron current density in the bipolar case
' is 1. 86 times the electron current density in the unipolar case.
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Figure A-2 Equipotential Contours for the Case of LLocal Anode Ion Sources
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Additional evidence of the bipolar diode effect is seen in Figure A-3.

Here we compare e-gun cathode voltage and current for two shots taken
under identical conditions, but with two different anode scrcen materials.
The top traces were taken with a stainless steel anode screen while the
bottom traces were taken with a tungsten anode screen. Since tungsten

has a higher Z compared with S5.S., surface heating by the e-beam is ex-
pected to be much more severe. This will lead to higher ion formation

at the anode and correspondingly higher effective diode closure velocity.

This i indeed what we observe.
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Figure A-3 E-gun Cathode Voltage and Current with SS and Tungstun
Anode Screens
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APPENDIX B

HIGH ENERGY ELECTRON SCATTERING

Electron transport through a single slab has previously been treated
in great detail, (1) so we will only briefly outline the theory. For a beam
of electrons uniform in the x and y directions, striking a plane parallel
plate that has a thickness t in the z-directior, the Boltzmann equation can

be written as

{
z

Q

K

Q@

= Nf[f(z. u') - f(z, W) olu,) du' (B-1)

where | is the cosine of the angle between the electron tra ectory and the
z axis, [, is the cosine of the angic between the incident and scattered
electron trajectories and u is the unit vector in the direction of the electron
motion.

Expanding the distribution function and the scattering cross section

as a sum of Legendre polynominals:

f = % A.Q }?3’ﬂ m) (B-2)
and
0= 2 0y Py (g (B-3)

Substituting expansions (B-2) and (B-3) into Eq. (B-1) and making use of
both the orthogonality relation and addition theorem for Legendre poly-

nominals, Eq. (B-1) becomes

(1) Jacob, J.H., Phys. Rev. A8, 226 (1973).
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{ -1, (¢+1) g+l . - .
(zc - 1> 57 T3 oz N4 f dpo(w [1 = Poy)] =0 (B-4)
-1

The scattering cross section is, of course, the screened Rutherford
that is modified to include relativistic effects and inelastic scattering by
orbital electrons. Relativistic effects for small Z, i.e., Z < 27, can be
included by use of the McKinley-Feshbach expansion of the complete Mott
formulas. Assuming the Thomas-Fermi atomic model, the screening angle
n is given by
2

1.
0.885 a

1[x 1221/
A 0

where p is the momentum of the electron and a the Bohr radius. Making

the following substitutions

+1
GQ = 27N f dpo(p) (1 - p.@ (u))
-1 '
A - 2 pzvz € n( n) - 1 + T] QB = B ‘3 )s (-— )

where X is the transport mean {ree path, { = z/A and a = Z/137. Equation

(B-4) can then be rewritten as

£ -1, _(e+1) 28 0 y
(29 - 1) T Y R VR T A S Bl (13-6)

Equation (B-6) forms an infinite set of coupled differential equations
with constant coefficients. To obtain a solution for the scattering through
a slab the boundary condtions at each surface have to be included. Consider
an e-beam of arbitrary but known distribution function impiaging on a target

thickness t. Hence at { = 0, f(u = 0, { = 0) is known and at the far boundary

iy
s &%
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{ = t/X there are no particles entering the target, hence f(j1 = 0. { = t/x) = 0.

The above boundary conditions can be written as

on
fu = 0, L =0) = Z P2ns1 Ponsr W
n=0

and 18T
f(w = 0, L=t/A) = Z “2n+1 Fans1 (W =0
n=0

In Eq. (B-7) use has been made of the fact that the odd Legendre
polynomials form a complete set in the half space. This choice is by no
means unique: one could, for example have chosen the even polynomials.
However, as the current is a more readily measurable quantity than density,
oud polynomials are used. Thus there is an infinite set o boundary con-
ditions at eacn surface, but because of the truncation there are only N + 1
unknowns. Hence, we specify (N + 1)/2 conditions at each boundary.

Making use of orthogonality, one has Marshak's boundary condition

ol

é b
2041
fd“P2n+1f(“* (=0 = 52
0
el n=0....-l§- (B-8)

0
f du P, .y fu L =t/A) = 0
-1

The above analysis assumes that the electron energy is strictly a

constant. This is clearly not the case. We can allow for energy variation

by dividing the slab into many layers and allowing the electron energy to
vary from one layer to the next. At the free surfaces the boundary con-

ditions are given by Eq. (B-8), while at the interface Z = Zl‘ we assume
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that there is no discontinuity in the distribution function as one goes from
one layer to the next. This continuity can be insured by setting

A (Zl)=A

01 z

QZ( 1) ¢ = 1! 2---N

where Agl and AQZ are the coefficients of the ch Legendre polynomial in

the two layers.

Energy loss is included assuming that the electron continuously loses
energy as it penctrates the material. The effects of straggling are neglected.
The path length of most of the electrons will be greater than the thickness of
the target considered because of elastic scattering. To a first approximation
it is assumed that only elastic scattering exists. The resulting angular
spread of the electrons can be computed and hence the average electron tra-
jectory. The target is divided into a number of thin layers and in each
layer we assume that the energy loss is given by

_ dw

where w is the electron energy and dw/dS is the Bethe stopping power given

by

dw 27Te4 Np T3(T + 2) 2 . .2 2

i ° T 33 Ai Zdn 55 +1-8+T /8 = (2T+1)¢n2/(T+1) (B-10)
mc”p 2(1/mc”)

where Na is Avogadro's numboer, A the atomic weight, T the kinetic cnergy
of the electron in units of the electron rest energy and I is the mecan excita-
(2)

tion energy. For 1 we have used the values recommended by Berger.

{S) is the average path length of the electron in the given slab and it is

given by

(2) Berger, M.J. and Seltzer, 8. M., NAS-NRC Publication No. 1133
(unpublished) (1964).
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. t
O P (B-11)

where t is the slab thickness and {cos 0) = 1/2 ({cos 0>, + {cos B ,),
{cos 9)1 and (cos 0)2 being the average value of ;4 at the beginning and
end of each slab for the particles traveling in the positive y direction only.
This ignores the backscattered particies (in computing the average path
length only). The error so introduced is expected to be small, however,
if the thickness of each layer is much less than A, the transport mean free
path. The multi-layer theory also neglects the absorption of electrons.
Because of these approximations it has been found convenient to connect
the multilayer theory to the age diffusion theory. The age theory is just
the Pl approximation with the inclusion of energy loss. We have extended

the age theory to include effects of an applied electric field. (3,4)

(3) Jacob, J.H., J. App. Phys. 467 (1964).

(4) Jacob, J.H. and Bethe, H.A., (unpublished).
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